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A comprehensive thermodynamic modelling is reported of a trigeneration system for cooling, heating 
(and/or hot water) and electricity generation. This trigeneration system consists of a gas turbine cycle, 
an organic Rankine cycle (ORC), a single-effect absorption chiller and a domestic water heater. Energy 
and exergy analyses, environmental impact assessments and related parametric studies are carried 
out, and parameters that measure environmental impact and sustainability are evaluated. The exergy 
efficiency of the trigeneration system is found to be higher than that of typical combined heat and power 
systems or gas turbine cycles. The results also indicate that carbon dioxide emissions for the trigeneration 
system are less than for the aforementioned systems. The exergy results show that combustion chamber 
has the largest exergy destruction of the cycle components, due to the irreversible nature of its chemical 
reactions and the high temperature difference between the working fluid and flame temperature. The 
parametric investigations show that the compressor pressure ratio, the gas turbine inlet temperature 
and the gas turbine isentropic efficiency significantly affect the exergy efficiency and environmental 
impact of the trigeneration system. Also, increasing the turbine inlet temperature decreases the cost of 
environmental impact, primarily by reducing the combustion chamber mass flow rate. 

Crown Copyright © 2012 Published by Elsevier Ltd. All rights reserved. 


1. Introduction 

Fossil fuel depletion and global warming are two important 
concerns for the sustainability of energy systems in the future. 
The demand for energy has been steadily rising despite limited 
availability of non-renewable fuel resources. Hence, efforts to de¬ 
velop more efficient energy systems are becoming increasingly sig¬ 
nificant. The efficiency of conventional power plants, which are 
usually based on single prime movers, is usually less than 40%. 
Thus, most of the input energy is lost, much as waste heat. 

The integration of systems to provide cooling, heating (and hot 
water) with conventional plant can increase the overall plant effi¬ 
ciency to up to 70% [1,2]. Trigeneration is the simultaneous pro¬ 
duction of heating, cooling and electricity from a common energy 
source. Trigeneration utilizes the waste heat of a power plant to 
improve overall thermal performance, essentially utilizing the 
“free” energy available via the waste energy. In a trigeneration sys¬ 
tem, waste heat from the plant’s prime mover (e.g., gas turbine or 
diesel engine or organic Rankine cycle [3]), sometimes with tem¬ 
perature enhancement, drives heating and cooling devices. The lit¬ 
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erature shows that most research on trigeneration has been 
conducted in the last few years, likely motivated by the advantages 
of trigeneration. Khaliq et al. [4] carried out an exergy analysis of a 
combined electrical power and refrigeration cycle, as well as a 
parametric study of the effects of exhaust gas inlet temperature, 
pinch-point and gas composition on energy and exergy efficiencies, 
electricity-to-cold ratio and exergy destruction for the cogenera¬ 
tion system and its components. Minciuc et al. [5] present a meth¬ 
od for analyzing trigeneration systems and establish limits for the 
best performance of gas turbine trigeneration with absorption 
chilling from a thermodynamic point of view. 

Bali et al. [6] performed thermodynamic and thermoeconomic 
analyses of a trigeneration system with a dual fuel (diesel fuel 
and natural gas) reciprocating engine (RE). They considered an ac¬ 
tual trigeneration system with a gas-diesel engine rated at a 
6.5 MW output installed in the Eskisehir Industry Estate Zone, Tur¬ 
key. Kong et al. [7] presented an energy efficiency and economic 
feasibility of a combined cooling, heating and power (CCHP) sys¬ 
tem driven by a Stirling engine, and showed that the CCHP system 
provides fuel savings and economic benefits. 

Recently, combined exergoeconomic and environmental (e.g., 
exergo-environmental) assessments have received increasing 
attention. Ahmadi and Dincer [8] report an exergo-environmental 
optimization of a combined heat and power (CHP) system using 
a genetic algorithm, and a sensitivity analysis of how optimized de- 
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Nomenclature 



Cp 

specific heat at constant pressure (kj/kg I<) 

Subscripts 

Dp 

depletion number 

AC 

air compressor 

ex 

specific exergy flow (kj/kg) 

CHP 

combined heat and power 

Ex 

exergy flow rate (kW) 

D 

destruction 

Ex n 

exergy destruction rate (kW) 

e 

exit condition 

h 

specific enthalpy (kj/kg) 

/ 

fuel 

m 

mass flow rate (kg/s) 

g 

combustion gases 

P 

pressure (bar) 

GT 

gas turbine 

Q 

heat rate (kW) 

i 

inlet condition 

SI 

sustainability index 

net 

net output power 

T 

temperature (I<) 

Tri 

trigeneration 

w 

work rate (kW) 





Superscript 

Greek symbols 

. 

rate 

n 

energy efficiency 




exergy efficiency 




sign parameters vary with fuel cost. A thermodynamic analysis of 
post-combustion C0 2 capture in a natural gas-fired power plant 
has been reported by Amrolahi et al. [9]. Ahmadi et al. [10] report 
greenhouse gas emission and exergo-environmental analyses of a 
trigeneration system, and compared the environmental impacts 
for a trigeneration system with those for a power generation unit 
and a CHP system. The results show that trigeneration exhibits 
higher exergy efficiencies and lower environmental impacts, sug¬ 
gesting that trigeneration can help mitigate greenhouse gas 
emissions. 

Maraver et al. [11] performed an assessment of a high temper¬ 
ature organic Rankine cycle engine for polygeneration with multi¬ 
effect desalination (MED) desalination, using the Aspen Plus simu¬ 
lator. The results revealed that the amount of heat generated in the 
ORC condenser used for desalination severely limits the primary 
energy savings relative to conventional systems. 

Exergo-environmental analysis can provide insights for trigen¬ 
eration, but such analyses have not to date been reported, espe¬ 
cially systems based on organic Rankine cycles. The organic 
Rankine cycle (ORC) can be integrated into trigeneration plants 
as a power producer. The ORC is expected to play an important role 
in energy production in the near future [3], mainly due to its ability 
to be integrated with thermal systems from which low- or med¬ 
ium-temperature waste heat is available [3]. Wei et al. [12] ana¬ 
lyzed and optimized an organic Rankine cycle (ORC) for waste 
heat recovery. The results show that using exhaust heat as much 
as reasonably possible is a good way to improve system net power 
output and efficiency, and that the degree of sub-cooling at the 
condenser outlet should be small when the ambient temperature 
is high. 

The primary objective of this research is to perform thermody¬ 
namic modelling and both exergy and environmental analyses of a 
trigeneration system with a gas turbine prime mover. The specific 
objectives follow: 

• To model a trigeneration system based on a micro gas turbine 
prime mover, an organic Rankine cycle, a single-effect absorp¬ 
tion chiller and a domestic water heater for heating, cooling, 
hot water production and electricity generation. 

• To perform exergy and environmental analyses of the system, 
including determinations of the exergy destruction and C0 2 
emission of each component, and parametric assessments of 
the effects of varying selected design parameters on overall 
exergy and energy efficiencies. 


• To determine the sustainability index for the system and to 
quantify its variation with exergy destruction, and to establish 
a relation between exergy efficiency, exergy destruction and 
sustainability index. 

2. Analysis 

The thermodynamic modelling of the trigeneration system con¬ 
sidered here (Fig. 1) is divided into three parts: topping cycle 
(Brayton cycle), bottoming cycle (Organic Rankine cycle and 
domestic water heater) and single-effect absorption chiller. Exer¬ 
go-environmental analysis is used to determine the temperature 
profile in the trigeneration plant, input and output enthalpies, 
exergy flows, environmental impacts, exergy destructions and 
exergy efficiencies. The relevant energy balances and governing 
equations for the main sections of the trigeneration plant shown 
in Fig. 1 are described in the following subsections. 

2.2. Energy analysis 
2.hi. Topping cycle 

We model a topping cycle, which consists of a micro gas turbine 
cycle using the first law of thermodynamics. As seen in Fig. 1, air at 
ambient conditions enters the air compressor at point 1 and, after 
compression (point 2), is supplied to the recuperator. Then the hot 
air enters the combustion chamber (CC). Fuel is injected in the 
combustion chamber and hot combustion gases exit (point 4) pass 
through a gas turbine to produce shaft power. The hot gas expands 
in the gas turbine to point 5, after which it passes through the recu¬ 
perator to warm air. These hot gases leave the recuperator at point 
6 and enter the heat exchanger linked to the bottoming cycle. De¬ 
tails about thermodynamic relations of each part of the gas turbine 
cycle are given elsewhere [13]. 

2.2.2. Bottoming cycle 

Energy balances and governing equations for the components of 
the bottoming cycle (organic Rankine cycle and domestic water 
heater) are provided in the following subsections. 

2.2.3. Organic Rankine Cycle (ORC) 

The waste heat from the micro gas turbine is used to heat the 
organic fluid in the ORC, for the provision of heating and cooling. 
The waste heat from the ORC is used to produce steam in the heat¬ 
ing process, using a heat exchanger, and to produce cooling using 
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Label 

Specification 

1 

Inlet air entering compressor 

2 

Outlet air from compressor 

3 

Outlet air from recuperator 

4 

Combustion gases exiting combustion chamber 

5 

Outlet hot gases exiting gas turbine 

6 

Hot combustion gases entering the heat exchanger 

7 

Water vapor entering condenser 

8 

Liquid water exiting condenser 

9 

Water vapor entering evaporator 

10 

Saturated water entering absorber 

11 

Low pressure LiBr water mixture 

12 

High pressure LiBr water mixture 

13 

Weak solution mixture 

14 

Strong solution mixture 

15 

LiBr solution exiting heat exchanger 

16 

LiBr solution entering absorber 

a 

Saturated ORC liquid leaving the generator 

b 

ORC fluid leaving the ORC pump 

c 

ORC vapor entering the ORC turbine 

d 

ORC saturated fluid entering the heating process 

e 

ORC fluid entering the generator 

f 

Combustion gases entering the domestic water heater 

g 

Combustion gases leaving the heat exchanger 

h 

Cool water entering the domestic water heater 

i 

Hot water leaving the domestic water heater 


Fig. 1 . Schematic of the trigeneration system for heating, cooling and electricity generation. 


the single-effect absorption chiller. To have an efficient ORC, the 
working fluid in the ORC should have a high critical temperature 
so that the waste heat can be used more efficiently [3]. A typical 
organic fluid type used in ORCs is n-octane, which has a relatively 
high critical temperature, 569 K [3]. This organic fluid is selected as 
the working fluid of the ORC here. The thermodynamic properties 
of n-octane are obtained from the EES software, which is coupled 
with Matlab software for modelling. Energy balances for the key 
components in the ORC follow: 

• Heat exchanger 

rh g C pg (T 6 -T f ) = m 0RC (h c -h b ) (1) 

• Turbine 

moRc(hc - hd ) = Worc ( 2 ) 

• Heating process 

rilORc(hd — h e ) — Qtleating (3) 


• ORC pump 

rh 0 Rc(h b - h a ) = WoRcgump (4) 

2.2.4. Domestic water heater 

The hot gases leaving the heat recovery heat exchanger enter 
the water heater to warm domestic hot water to 60 °C. Water en¬ 
ters this heater at a pressure and a temperature of 3 bar and 15 °C, 
respectively. The energy balance for this component is given as 
follows: 

m g C pg (T f - T g ) = m w (hj - h h ) (5) 

2.2.5. Absorption chiller 

Absorption chillers can be used for air conditioning and cooling 
purposes. Compared to the more conventional vapour-compres¬ 
sion refrigeration systems, absorption refrigeration systems re¬ 
place the electricity consumption associated with vapour 
compression by a thermally driven system. This is accomplished 
by making use of absorption and desorption processes that employ 
a suitable working pair (a refrigerant and an absorbent). LiBr-water 
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is a common working fluid for absorption systems in various cool¬ 
ing applications, including use in trigeneration systems. The LiBr- 
water mixture is heated in the generator as shown in Fig. 1. Heat 
provided in the form of saturated water vapour from the heating 
process unit (point e in Fig. 1 ) allows the separation of the refriger¬ 
ant (H 2 0) from the absorbent (LiBr solution). To model the LiBr- 
water absorption system used in this trigeneration system, the 
principle of mass conservation and the first and second laws of 
thermodynamics are applied to each component of the single-ef¬ 
fect LiBr-water absorption chiller. In our analysis, each component 
is considered as a control volume with inlet and outlet streams, 
and heat and work interactions are considered. Mass balances 
are applied for the total mass and each material of the working 
fluid solution. The governing and conservation equations for total 
mass and each material of the solution for a steady state and stea¬ 
dy flow process are detailed in reference [14]. 

The following simplifying assumptions are made here to render 
the analysis more tractable, while retaining adequate accuracy to 
illustrate the principal points of this study [4,10]: 

• All processes operate at steady state. 

• Air and combustion products are ideal-gas mixtures. 

• The fuel injected to the combustion chamber is natural gas. 

• Heat loss from the combustion chamber is about 2% of the fuel 
lower heating value, and all other components are adiabatic. 

• The ORC turbine and pump isentropic efficiencies are 80%. 

• The ORC pump pressure ratio is 100. 

• The ORC pump temperature is 72 °C. 

• The organic fluid enters the turbine at 400 °C. 

• The dead state is at a pressure of P 0 = 1.01 bar and a tempera¬ 
ture of T 0 = 293.15 K. 

2.2. Exergy analysis 

Exergy analysis can help to develop strategies and guidelines for 
more effective use of energy, and has been applied to various ther¬ 
mal processes, including power generation, CHP and trigeneration. 
Exergy can be divided into four components: physical, chemical, 
kinetic and potential. In this study, the latter two are neglected 
since changes in elevation and speed are negligible [3,8,12]. Phys¬ 
ical exergy is defined as the maximum work obtainable as a system 
interacts with a reference environment at an equilibrium state 
[4,15]. Chemical exergy is associated with the departure of the 
chemical composition of a system from the chemical equilibrium 
of a reference environment. Chemical exergy is important in com¬ 
bustion evaluation [10]. Applying the first and the second laws of 
thermodynamics, the following exergy balance is obtained and 
can be applied to each component: 

Exq + 'YjhieXi = ^yn e ex e + Ex w + Ex D (6) 

i e 

Further details about each term in this equation are given in refer¬ 
ences [8,10,11,13]. 

2.3. Exergy efficiency 


Tri 


W net + Ex He citing T~ EXcoolingEXHotwater 


Ex 


■f 



where Ex f is the fuel exergy flow rate, Ex n is the exergy rate associ¬ 
ated with heating and cooling, and W net is net output power of the 
GT and ORC cycles [4]. 


2.4. Exergo-environmental analysis 


An important measure for reducing environmental impact, 
including emissions of carbon dioxide, a primary greenhouse gas, 
is increasing the efficiency of energy conversion processes and 
thereby decreasing fuel use. Although numerous exergy and exer- 
goeconomic analyses have been reported for CHP and trigeneration 
systems, many do not address environmental impact. Rectifying 
this deficiency is one of the main objectives of the present work, 
in which emissions of CO, C0 2 and NO* are considered. 

The amount of CO and NO* produced in a combustion chamber 
and the combustion reaction depend on various combustion char¬ 
acteristics including the adiabatic flame temperature [16]. Here, 
the emissions of these species (in grams per kilogram of fuel) are 
determined as follows [17]: 



m 


CO 


0.179 x 10 6 exp 




where t is the residence time in the combustion zone (assumed 
constant here at 0.002 s ). T P z is the primary zone combustion tem¬ 
perature, P 3 is the combustor inlet pressure, and AP 3 /P 3 is the 
non-dimensional pressure drop in the combustion chamber. In this 
analysis, we express the environmental impact as the total cost rate 
of pollution damage ($/s) due to CO, NO* and C0 2 emissions by mul¬ 
tiplying their respective flow rates by their corresponding unit 
damage costs (C C o,C NOx and C c0 2 , which are taken to be equal to 
0.02086 $/kg, 6.853 $/kg and 0.024 S/kg, respectively) [8]. The cost 
of pollution damage is assumed here to be added directly to other 
system costs. 

To improve environmental sustainability, it is necessary not 
only to use sustainable or renewable sources of energy, but also 
to utilize non-renewable sources like natural gas fuel more effi¬ 
ciently, while minimizing environmental damage. In this way, soci¬ 
ety can reduce its use of limited resources and extend their 
lifetimes. Here, a sustainability index SI is used to relate exergy 
with environmental impact [18,19]: 

S '-I5 < 12 > 

where D P is the depletion number, defined as the ratio of exergy 
destruction to input exergy. This relation demonstrates how reduc¬ 
ing a system’s environmental impact can be achieved by reducing 
its exergy destruction. 


The exergy efficiency, defined as the product exergy output di¬ 
vided by the exergy input, for the micro gas turbine, CHP and over¬ 
all trigeneration systems, can be expressed as follows: 



Wqt 

Ex f 



rCHP 


W gy + f^Heat/ng 

Ex f 



3. Results and discussion 

Results of the thermodynamic modelling and exergy and envi¬ 
ronmental analyses are presented here, including assessments of 
the effects of varying several design parameters on cycle perfor¬ 
mance. In these examinations, the molar composition of the inlet 
air is taken to be 0.7567 N 2 , 0.2035 0 2 , 0.003 C0 2 and 0.036 H 2 0 
[20], and the fuel injected to the combustion chamber is natural 
gas, modelled as pure methane with a LHV about 50,000 kj/kg. Ta- 
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Table 1 

Parametric study results from energy and exergy analyses of the system. 


Parameter 


Value 

Fuel mass flow rate 

ifif (kg/s) 

0.068 

Heating load 

QlTeating (kW) 

819.5 

Cooling load 

Qcooling (1<W) 

199.8 

Net output power 

Wnet (kW) 

1500 

Energy efficiency 

dm 

0.89 

Exergy efficiency 

1 'pTri 

0.55 

Total exergy destruction rate 

E*D,Total (kW) 

2172 

Specific C0 2 emission 

C0 2 emission (kg/MWh) 

88.2 

Cost rate of environmental impacts 

d-env ($/h) 

7.54 

Hot water mass flow rate 

ttlhotwater 

3.27 

Absorption chiller COP 

COP 

0.44 


ble 1 lists the thermodynamic specifications of the trigeneration 
system, including heating and cooling loads, the electricity gener¬ 
ated by the turbines, the COP of the absorption chiller, and com¬ 
bustion chamber mass flow rates. 

3.1. Exergy analysis results 

The exergy analysis results are summarized in Fig. 2, and shows 
that the highest exergy destruction occurs in the combustion 
chamber (CC), mainly due to the irreversibilities associated with 
combustion and the large temperature difference between the air 
entering the CC and the flame temperature. The heat exchanger 
exhibits the next largest exergy destruction, mainly due to the 
temperature difference between two fluid streams passing through 
it as well as to the pressure drop across the device. 

Both exergy destruction and the dimensionless exergy destruc¬ 
tion ratio are higher in the combustor than in other components, 
suggesting that it would likely be worthwhile to focus improve¬ 
ment efforts on this component. Moreover, the results show that 
the absorption cycle does not exhibit significant exergy destruc¬ 
tions, mainly because it does not directly utilize fuel energy but in¬ 
stead uses steam produced by the ORC. 

3.2. Parametric study results 

The effect of variations of design parameters on the thermody¬ 
namic performance of the trigeneration system is assessed. Since 


compressor pressure ratio, gas turbine inlet temperature, gas tur¬ 
bine isentropic efficiency and organic fluid turbine inlet tempera¬ 
ture significantly affect system performance parameters (e.g., 
energy and exergy efficiencies), we focus on them here. 

Fig. 3 shows the variation with compressor pressure ratio of 
both exergy efficiency and exergy destruction for the system. It is 
observed that fuel consumption decreases as the compressor pres¬ 
sure ratio increases, mainly due to the increase of the air temper¬ 
ature entering the combustion chamber and the corresponding 
reduction in fuel consumption. In addition, it can be seen that there 
is an optimum value for air compressor pressure ratio. The reason 
is that, at lower pressure ratios, increasing the pressure ratio in¬ 
creases the outlet temperature of the compressor and decreases 
the fuel mass flow rate injected to the combustion chamber, 
increasing the efficiency. However, at a certain air compressor 
pressure ratio increasing R AC increases the compressor work more 
than it decreases the fuel mass flow rate. This effect leads to a de¬ 
crease in the output power. Consequently, the net work output first 
increases and then decreases as compressor pressure ratio 
increases. 

To provide environmental insights, the environmental impact of 
the gas turbine cycle is compared to that of the trigeneration in 
Fig. 4. It is seen that the trigeneration cycle has less C0 2 emissions 
than the GT and CHP cycles, providing a significant motivation for 
the use of trigeneration cycles. It is also observed that trigeneration 
has a higher exergy efficiency than other cycles. 

The variation of C0 2 emission and sustainability index with 
compressor pressure ratio is shown in Fig. 5. Increasing the com¬ 
pressor pressure ratio is seen to decrease C0 2 emissions for the tri¬ 
generation cycle, but results in an increase in the sustainability 
index, due to the reduction of the mass flow rate injected to the 
combustion chamber. This is a direct result of the increase in air 
temperature entering the combustion chamber. 

Expanding the results for C0 2 emissions, we investigate the ef¬ 
fect of compressor pressure ratio on the cost of environmental im¬ 
pact and sustainability index. Fig. 6 shows that increasing the 
compressor pressure decreases the cost of environmental impact, 
due to the reduction of mass flow rate injected into the combustion 
chamber. Thus, the sustainability index increases. Fig. 7 shows the 
effect of compressor pressure ratio on total exergy destruction rate 
of the cycle and sustainability index. It is observed that, the overall 
exergy destruction of the cycle decreases and the sustainability in¬ 
dex increases with increasing compressor pressure ratio. Exergy 


2.5 


Exergy destruction rate (MW) 


Dimensionless exergy ratio 


1.5 


0.5 




Fig. 2. Exergy destruction rate and dimensionless exergy efficiency for the trigeneration system and each of its components. 
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Fig. 3. Variation with compressor pressure ratio of exergy efficiency and exergy 
destruction rate for the trigeneration system. 



Fig. 6. Variation with compressor pressure ratio of sustainability index and cost 
rate of environmental impact. 


350 
300 
250 
200 
150 
100 
50 
0 

Fig. 4. Comparison of exergy efficiency and environmental impact of different types 
of plants. 



GT CHP Trigeneration 

■ C02 emission (kg/MWh) ■ Exergy efficiency (%) 



Fig. 7. Variation with compressor pressure ratio of total exergy destruction rate and 
sustainability index. 



Fig. 5. Variation with compressor pressure ratio of sustainability index and C0 2 
emission. 


efficiency, exergy destruction, environmental impact and sustain¬ 
ability are thus observed to be linked in such systems, supporting 
the utility of exergo-environmental analyses. 

The gas turbine inlet temperature (GTIT) is a significant design 
parameter in a gas turbine cycle. Raising this parameter can in¬ 
crease gas turbine output power. But an energy balance of the 
combustion chamber indicates that the fuel mass input rate also 
increases as the GTIT rises. The increased fuel input is also reflec¬ 
tive of the increase in turbine exhaust temperature. The exergy 
efficiency is observed to increase with increasing in turbine inlet 
temperature, because of the corresponding increase in net work 
output and relatively smaller increase in heat addition to the cycle. 



GTIT(K) 


Fig. 8. Variation with gas turbine inlet temperature of total exergy destruction rate 
and exergy efficiency. 


The same trend is observed for the exergy destruction rate which is 
shown in Fig. 8. It is shown in Fig. 9 that the exergy efficiency for 
the GT, CFIP and trigeneration cycles increases with turbine inlet 
temperature. 

Fig. 10 shows the effect of varying GTIT on the cycle’s total exer¬ 
gy destruction rate and sustainability index. The sustainability in¬ 
dex is seen to increase with gas turbine inlet temperature. Since 
the compressor pressure ratio is constant the exergy flow entering 
the combustion chamber is fixed. From the exergy balance for the 
combustion chamber, therefore, it is seen that increasing the GTIT 
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GTIT(K) 

Fig. 9. Variation of gas turbine inlet temperature of exergy efficiency for several 
cycles. 


ing, electricity generation and hot water has provided useful in¬ 
sights. The exergy results show that combustion chamber and 
heat exchanger are the two main sources of irreversibility, with 
the high exergy destruction due to the high temperature difference 
for heat transfer in both devices and the combustion reaction in the 
combustion chamber. System performance is notably affected by 
the compressor pressure ratio, the gas turbine inlet temperature 
and the gas turbine isentropic efficiency. The exergy efficiency 
and sustainability index for the system increase with increasing 
compressor pressure ratio and turbine inlet temperature. In addi¬ 
tion, the trigeneration cycle exhibits less C0 2 emissions than micro 
gas turbine and CHP cycles. 
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GTIT(K) 


Fig. 10. Variation with gas turbine inlet temperature of total exergy destruction 
rate and sustainability index. 
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Fig. 11. Variation with gas turbine inlet temperature of sustainability index and 
cost rate of environmental impact. 



increases the outlet exergy flow, reducing exergy destruction in the 
CC. Trigeneration is observed to be an advantageous option from 
an environmental point of view. The variations with GTIT of both 
cost of environmental impact and sustainability index are shown 
in Fig. 11, where the cost of environmental impact is seen to de¬ 
crease with increasing GTIT. 


4. Conclusions 


References 

[1] International Energy Agency. Combined heat and power: evaluating the 
benefits of greater global investment; 2008. 

[2] Tom K. Combined heating and power and emissions trading: options for policy 
makers. International Energy Agency; 2008. 

[3] Al-Sulaiman FA, Dincer I, Hamdullahpur F. Exergy analysis of an integrated 
solid oxide fuel cell and organic rankine cycle for cooling, heating and power 
production.] Power Sources 2010;195(8):2346-54. 

[4] Khaliq A, Kumar R, Dincer I. Performance analysis of an industrial waste heat- 
based trigeneration system. Int J Energy Res 2009;33:737-44. 

[5] Minciuc E, Le Corre O, Athanasovici V, Tazerout M, Bitir I. Thermodynamic 
analysis of trigeneration with absorption chilling machine. Appl Therm Eng 
2003;23:1391-405. 

[6] Balli O, Aras H, Hepbasli A. Thermodynamic and thermoeconomic analyses of a 
trigeneration (TRIGEN) system with a gas-diesel engine: part II - an 
application. Energy Convers Manage 2010;51:2260-71. 

[7] Kong XQ, Wang RZ, Huang XH. Energy efficiency and economic feasibility of 
CCHP driven by Stirling engine. Energy Convers Manage 2004;45:1433-42. 

[8] Ahmadi P, Dincer I. Exergo-environmental analysis and optimization of a 
cogeneration plant system using multimodal genetic algorithm (MGA). Energy 
2010;35:5161-72. 

[9] Amrollahi Z, Ertesvag I, Bolland O. Thermodynamic analysis on post¬ 
combustion C0 2 capture of natural-gas-fired power plant. Int J Greenhouse 
Gas Control 2011;5:422-6. 

[10] Ahmadi P, Rosen MA, Dincer I. Greenhouse gas emission and exergo- 
environmental analyses of a trigeneration energy system. Int J Greenhouse 
Gas Control 2011;5:1540-9. 

[11] Maraver D, Uche J, Royo J. Assessment of high temperature organic Rankine 
cycle engine for polygeneration with MED desalination: A preliminary 
approach. Energy Convers Manage 2012;53:108-17. 

[12] Wei D, Lu X, Lu Z, Gu J. Performance analysis and optimization of organic 
rankine cycle (ORC) for waste heat recovery. Energy Convers Manage 
2007;48:1113-9. 

[13] Barzegar H, Ahmadi P, Ghaffarizadeh AR, Saidi MH. Thermo-economic- 
environmental multi-objective optimization of a gas turbine power plant 
with preheater using evolutionary algorithm. Int J Energy Res 
2011 ;35(5):389-403. 

[14] Dincer I, Dost S. Exergy analysis of ammonia-water absorption refrigeration 
system. Energy Sources 1996;18(6):727-33. 

[15] Bejan A, Tsatsaronis G, Moran M. Thermal design and optimization. New 
York: Wiley; 1996. 

[16] Gulder OL. Flame temperature estimation of conventional and future jet fuels. 
ASME J Eng Gas Turbine Power 1986;108(2):376-80. 

[17] Toffolo A, Lazzaretto A. Energy, economy and environment as objectives in 
multi-criteria optimization of thermal system design. Energy 
2004;29:1139-57. 

[18] Rosen MA, Dincer I, Kanoglu M. Role of exergy in increasing efficiency and 
sustainability and reducing environmental impact. Energy Policy 
2008 ;36(1): 128-37. 

[19] Dincer I, Naterer GF. Assessment of exergy efficiency and sustainability index 
of an air water heat pump. Int J Exergy 2010;7(l):37-50. 

[20] Ameri M, Ahmadi P, Khanmohammadi S. Exergy analysis of a 420 MW 
combined cycle power plant. Int J Energy Res 2008;32:175-83. 


The comprehensive thermodynamic modelling and exergo- 
environmental analysis of a trigeneration system for heating, cool- 















































